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STUDIES OF MANUAL CONTROL SYSTEMS

I. INTRODUCTION

This report is for the first quarter of the second year of work
on Contract NASw-668. During this second year of the contract
we are focusing on two principal tasks: (1) investigation of
computer facilities for analysis and modelling of the results
of tracking experiments; and, (2) investigations of the multi-
variable control characteristics of the human operator.

During this first quarter we have concontrated on the first of
these two tasks. We have devoted almost all of our effort to
the design and programming of a system which we call Signal
Analyzer I. It 1is a\gigital computer system for analyzing the
signals and identifying the dynamic characteristics of the
elements of manual control systems. Signal Analyzer I is an
improved, augmented version of the multiple regression analysis
system that we have been using for several years, which was
developed initially under Contract NASw-185 and Contract
AF33(657)10124,

This progress report will be devoted to a description and dis-
cussion of Signal Analyzer I. First we present an operational
description of the system, that is, a description of the system
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from the point of view of the user. Then we will discuss in
some detail the organization of the system and some of the
principal programs that constitute it.
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II. OPERATION OF SIGNAL ANALYZER I

Signal Analyzer I is a system of programs written for the BBN

PDP-1 computer. The key task of Signal Analyzer I is to deter- |

mine the describing functions of the human operator and other
elements of a control system, according to the multiple linear
regression analysis paradigm developed by Elkind et al.1 In
so doing, it can also determine the characteristics of the
signals flowing 1n such a control system and provide time or
frequency displays of them in much the same way as an oscillo-

scope or a spectrum analyzer would.

The system is built around the basic philosophy of providing
close communication between the computer and the experimenter.
Thus, the experimenter is glven many opportunities to enter
the system to check partial results, change the parameters of
the analysis, make decisions, examine the results in various
ways, and set up the next run of the analysis process using
the modifications suggested by his previous interaction with
the system.

Communication is handled by means of typeouts in the form of
questions to be answered by the experimenter, or, in more
complicated situations, by means of visual displays, which
enable decisions to be made by polnting an arrow to the
desired command and introducing the desired changes by means
off the typewriter.
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In the following sections, a brief summary of the modelling
technique used is given first, followed by a detailed descrip-
tion of the system from the point of view of the operator.

A. MODELLING TECHNIQUE

Consider the control system as represented in Fig. 1. It is
desired to model or describe the human operator's transfer
characteristics. The multiple regression analysis paradigm
represented in Fig. 2 will be used to obtain this description.

In this model, the human pilot's impulse response is approxi-
mated by a finite series of orthonormal functions, ¢, whose
coefficients, b, are determined so that the output of the model,
z, differs the least from the human pilot's response, y, in a
mean square error sense. As it can be readily found, the co-
efficients b (which are regression coefficients), are given by

the matrix equation
Lb = x

where L is the covariance matrix of the filter outputs, Z4 and
¥ 1is the covariance vector of the human pilot's response with
the filter outputs. The elements of L and y are usually com-
puted by taking the time averages of zizj and Z3Vs respectively.

The orthonormal functions used are the exponentials described

2 While in the present version of the system only

by Huggins.
real axis poles are allowed, they nevertheless provide very

good approximations to characteristics of the human pilot.
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The power spectra of signals can be determined using this same
basic technique. A complete description of the method is given
by Elkind et al.l’ 3

B. OPERATIONAL DESCRIPTION

In this section we attempt to convey to the reader the impres-
sion that he is actually the experimenter conducting a simula-
tion study of a human pilot controlling a space vehicle. We
take you -- the reader -- on a "simulated visit" to the com-
puter room at BBN, where we give you a demonstration of Signal
Analyzer I and explain how it is used to analyze the results
of an experiment.

You have been here, in the computer room, for about one-half
hour already and you have witnessed how the data that you are
going to analyze next have been generated, recorded, and
edited. You have seen a human pilot engaged in a control task,
namely: controlling the attitude of a space vehicle; you have
watched, on a multi-channel display, the signals generated in
the experiment while they were being sampled and stored in real
time in the digital computer's memory. ILater you saw how the
signals associated to a particular event that happened to be of
interest were sliced off from the rest, labelled, indexed, and
stored on magnetic tape for future analysis.

Now the time has come to perform the analysis.

The event you are interested in studying is the change in the
observed human pilot describing functions after the controlled-
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element dynamics have undergone a change. More precisely, the
space vehicle control dynamics were suddenly changed, at time
to + 8, form k/s? to ~2k/s°. Consequently, you have selected
for analysis the portion of the signals recorded during the
period t to t_ + 25.6 secs.

At this point you sit in front of both the typewriter and the
'scope. The analysis portion of Signhal Analyzer I is started.
The first thing you see is a display of a control panel, like
the one shown in Fig. 3. The purpose of this display is to
present the fundamental parameters of the analysis to be per-
formed and to allow you to change these parameters if you want

to do so.

DATR

block an tape
(sec) +1.0000-01

BODE PLOT

WMl Crad<sec) +6.2439-02
octaves (nMbr of) 8
N (froncy pnts) 64

RNRLYSIS
nsMax Csmpl pats)

we Cintl anlgs pat)
armax Cmax diy petd 2

31

S; FILTER POLES
K Cambr fitrs) 13

Figure 3
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For example, to specify the set of signals to be analyzed you
move, by typing u (for up) or 4 {(for down), the little arrow
(appearing near the bottom of Fig. 3) until it points to '"block
on tape.'" Then you type in the number of the block containing
the desired signals.

Once you are satisfied with your choice of parameters, you flip
a sense switch and the program continues and reads the specified
block from magnetic tape.

When this is done, the label and indexing information of the
block is typed out and the signals corresponding to error, e(t),
and pilot output, y(t), in Fig. 1 are displayed as functions of
time as in Figs. 4 and 5.

§ 1218 +2.0000000 snitergrid
s azis +2.5800400 seitergrid
tape blast 20 sut 2

poiats O

=0

Figure 4
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SUTRUT

g 2x1s +2,0000+00 units grad
B oax1s +2,6600400 ynits-grad
tape black 2¢ set t
points O ts 256
a= 0
Figure 5

While looking at Fig. 4 you notice how the error increases
greatly right after the change in the controlled-element dynamics.
The large stick movements the human pilot made while he was try-
ing to cope with the new ccntrolled-element dynamics are evident
in the output signal of Fig. 5. Having seen the signals that
are going to be analyzed, you may wish to go back and reset some
of the parameters that you tentatively assigned while you were
looking at the display of Fig. 3. For example, you may wish to
reset the initial point, nO, and the number of datum points,
nsmax, (the length of the segment) to be analyzed so that you
will have a description of the human pilot's characteristics
right before the control change. To do so you flip a switch
(the same for all displays) and you answer NO (by typing) when
the computer asks OK?. This puts you right back where you
wanted to be -- the set up display is on the oscilloscope --

10
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and you make the desired changes. This pattern is repeated as
long as necessary until you are satisfied, a variety of questions

being asked and answered in the same way during the intervening
process.

Once you are all set and answer YES to that final QK?, the compu-
tatior. begins and the filters you called for by specifying their
poles are "implemented" (their impulse responses and transfer
functions are calculated).

After this, the computer asks LOOK FILTERS?, which means: do you
want to see if the poles you specified for the analysis filters
produce the frequency or time domain characteristics you thought
they would?. If your answer is YES, further questioning 1leads
you to specify what characteristics (impulse response or fre-
quency response) and which filter you wish to see.

Signals are displayed in the time domain by a program called
Time Display while transfer functions are displayed in the fre-
quency domain by a program called Frequency Display. Time Dis-
blay acts essentially as an oscilloscope, allowing changes in
sweep rate, vertical gain and number and size of grid divisions.
These changes are effected by flipping another sense switch
which causes the appearance of a "control panel"” with which the
changes are made. Let us suppose you wanted to look at the im-

pulse response of filter 3. This is what you would see:

11




Job No. 11126 Bolt Beranek and Newman Inc

FILTEFR Ni. 3

§ 3x15 +9.9999-03 ynits grid
¥ axis +1.2800400 ynrtsgrid
tape block 20 set 1

points O to 128

a= O

Figure 6

The control panel for this display (the "oscilloscope" setting)
looks 1like this:

He grod divistons 10
+ Ha gragh size 10
Te unitsegrog +1.2800+00
Yy unttsogrod +9.9999-03
ygarn. units-wolt +9,9999-01
Figure 7

Frequency Display acts either as a Bode plotter, when amplitude

.

and phase information are to be presented, or as a spectrum

12
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plotter, when only magnitude is to be presented. ILet us suppose
you wanted to see the Bode plot of the tr=nsfer function of fil-
ter 3 displayed on a semi-log graph with angular frequency on
the abscissa and decibel amplitude ratio and phase angle in de-
grees on the ordinate. This is what you see:

EODE PLOT. -
Filter flag= 12 - .
Ma. 3 L
Hag= -3 :
Rug= 349°  y ::
\ ot
RAsg= ~160

Maght 6 dbsgrid

Aeg 45 dagrgoid

U fram 1716 te 16 rad- ses
tape hlogk 20 set 1

paints O te 30

Figure 8

Here, the size of the grid divisions, as well as the origins of
the ordinates, can be set up by the user by means of the "con-
trol panel" facility, but other parameters of the display are
basic to the analysis to be carried out and were set forth in
the display of Fig. 3. The "control panel" for this display

is:

13
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We graph size 10
decibels-grid 6
Mags tng grid +1,1999+01
» Bng. botiom grid  -1.7899+02

Figure 9

Notice that the signal description, as well as other character-
istics, appear on the display, but any additional information
you may care to add can also be made to appear anywhere on the
screen by means of the typewriter, as it was done with the addi-
tional "title" information in Fig. 10.

BODE PLOT.
Filter fag= 12
This s far Hage -3
davanstratine
Aege 349 = ___-..'
-’\
Rsg= -100 L
Maght € db/gred
Rug 45 dag/grid
H fram ts 168 rad/ees
taps klask 20 sat ©
prints O ta O
Figure 10
14
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Once you are satisfied with your selection of filters, the
analysis really begins. Upon specification of the initial state
of the filters (they may be zeroed or used in the last state in
which they were left), the regression coefficients are computed
and typed out, along with the mean square residual (difference
between model output and pilot output), the corresponding power
in the pilot's output signal, and the estimated values of the
standard deviations of the regression coefficients. This is re-
peated for each value of the delay up to the maximum value (amax
in Fig. 3) that you specified. After this, you choose a delay
according to your needs and communicate it to the machine.

This finishes the analysis phase and is followed by the presenta-
tion of the results, where you may choose any of the possibili-
ties offered to you in the display of Fig. 11 by pointing (by
typing u or d) the arrow to the desired result. Figs. 12 to 17
show examples of some of the possible choices offered. Results
can be examined in any order and as many times as desired.

TIME DISPLAY
Mode! Impulse Resp.
Residual
MiMic
Errar
Output .
Ze which 2 o

FREQUENCY DISPLRY
Bode Plot

POMER SPECTRR
Restduai
Errar

+  OQutput

55 2 ~' o0 danplag ehagen
Exit attagether

Figure 11
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For example, you may wish to look at the mimic output (the output
of your model, as in Fig. 2) and compare it with the pilot's out-
put. So you point the arrow to Mimic, flip the sense switch

i

4 i g
- -~ H LE

y axis +2,0000400 wnits grid
% ax1s +5,0000-01 wnitsgrd
tape block 20 set 1

points 30 ta 80

a= 1

Figure 12

and then flip the sense switch, move the pointer to Output, and
flip again.

Cutput "

N 3%1S +2,0000400 wnits-grid
% ax1s +5,0000-01 wnits/gqrid
tage hisgk 20 set o

guints 30 ts 80

=0

Figure 13

16
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As you can see, the model seems to be a good one.

a look at the residual

and its power spectra, as measured by the bank of

chose.

Fesidual

Bolt Beranek and Newman Inc

ot Y

=

8 §

g xis +1,0000400 snitergrid
2 ax1s +5.0000-01 switssgred

tage blusk 20 oot 1
prints 30 te 80O
= 1

Figure 14

Pouspectra

Fesidual Mag= 24

Hag= 54

MagM & db/graid

U fram 1716 ts 16 rad/see

tape bisck 20 set 1
puints 30 ts 80

Figure 15

17

Let us take

filters you
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Finally, let us look at the Bode plot of the model, that is,
the transfer function of the set of filters with their associ-
ated gains (regression coefficlents).

Eade Pigt Hag= 24 -~
-""M
Mag= 11 =
jpro———y
Ang= 180 e
4 “'
LY
Ang= -360

MagM 6 dbhsgrad

Rug 45 dag/gree

W fram 1716 te 16 rad/see
tage bilavk 20 st 1

points 30 ta 80

Figure 16

As you can see, the phase at low frequencies is nearly 180°
while the magnitude level is 11 db. Remember that the con-
trolled-element dynamics was of the form k/s2 before the
transition and -2k/s2 right after the transition.

In order to continue with the analysis you leave the presenta-
tion stage by pointing the arrow to "Exit altogether" and
specify (more questions are asked) the new segment to be analy-
zed, as well as other changes you may wish to incorporate

Let us suppose that you want to look at pilot's behavior 3
secs after the transition, that is, at to + 11 secs; and that
the length of the segment is again 5 secs, or 50 datum
points.

18
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After the regression coefficients, mean square error, etc., are
typed out and the delay chosen, you should be eager to look at

the Bode plot of the model and see what has happened. Here it

is:

3

ade Plot oy T

Mag= 6

Ang= 1 e

Augs —180 io i b

Magh 6 db/grad

Ang 45 deg- grud

W from 1716 te 16 rad-sec
tape dblack 20 set 1

points 110 ta 160

Figure 17

Indeed, the pilot has responded the way you would have expect-
ed. Look at the phase at low frequencies: it is now near O
degrees as it should be to compensate for the polarity reversal
of the controlled-element dynamics. And the magnitude has
dropped too, although not quite the 6 db you would have pre-
dicted by the doubling of the gain in the controlled-element
dynamics.

Probably the pilot has not yet had time to adapt himself com-

pletely to the new situation, in which case, subsequent plots
should show a decrease in amplitude ratio.

19
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Let us go on then and ......... .

At this point you decide that you have had enough for one day
=- and so we conclude our "analog demonstration" of Signal
Analyzer I.
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IIT. SYSTEM ORGANIZATION

The Signal Analyzer I system was written in the Decal-BBNu
programming language, which incorporates a number of ALGOL-like
facilities (1like Procedures, "for" statements, and "conditional"
statements) and a powerful algebraic compiler that allows for
subscripted variables and array handling as well as a fairly
complete set of floating point subroutines.

The system's organization was largely dictated by the sizes and
types of available memories. The BBN computer is a DEC-PDP-l5
which has two 4,000 word core-memory modules with a cycle time
of 5 microseconds, a magnetic drum with a total storage capacity
of twenty-two 4,000 word core-loads and with an average random
access time of 33 milliseconds, and two IBM compatible, mag-
netic tape units.

The system can be viewed as consisting of Programs and Data;
consequently, a first allocation of memory space was made by
assigning one core-memory module to each and as many drumfields
as needed. This division was adopted mainly to simplify pro-
gram writing. The data are organized in arrays of floating-
point numbers and addressed by subscripted variables. Arrays
are declared and exist solely on drumfields. When an array

is needed, the whole drumfield containing the array is loaded
into the data core.

21




G 0 A SE A an on e an G M N My e BN B am Am e
.

|

Job No. 11126 Bolt Beranek and Newman Inc

Care must be exercised in programming computations, so as to
avold using arrays in different drumfields, since this could
introduce too many drumfield swaps which are inherently slow
(33 milliseconds).

The program structure is naturally more complicated than the
data structure. Programs are organized in levels. At the
first, or lowest level, are the fundamental programs like Filter,
Impulse Response, Transfer Function, Covariance, Inversion, etc.

They are written in the form of ALGOL Procedures, and the pro-
cedural call must contain the parameters needed by the program.
For example, a procedure like Filter must be supplied with such
information as: what signal is going to be filtered, where to
put the filtered signal, the initial state of the filter, etc.,
which constitute what could be called the variables of the com-
putation. Other parameters, such as the sampling interval, the
location of the filter's poles, etc., which are constant through-
out the analysis, are not communicated by the procedural call,
but are kept in protected storage and are available to all the
programs without regard to their level. As can be readily seen,
this structure is highly modular, allowing incorporation of
changes at the basic level without upsetting the rest of the
system.

The second-level programs perform most of the logical functions
of the system, handle the procedural calls, communicate with
the experimenter, react to his decisions. A fundamental tool
used by these second-level programs is a secretarial routine
called Fetch. Fetch is used to communicate procedural calls

22
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across the drum. When a procedure is called which is not
present in core, Fetch interprets the arguments of the call,
brings in the drumfield containing the called procedure, hands
back the arguments, transfers control to the procedure, and
remembers where the call was originated. Upon completion of the
procedure, which may encompass other "Fetches," the drumfield
that was brought in is updated, the original drumfield is brought
back and control is transferred to continue in sequence.

Finally, the third-level program, or Master routine, simply co-
ordinates and calls the second-level programs. In Fig. 18 is a
block diagram that shows the principal features of the Master
Program. The program is entered and a display is presented
that is used to select the signals to be analyzed and the param-
eters for the analysis such as the analysis fllter poles, data
to be analyzed, number of data points to be used, etc. A more
detailed block diagram of the part of the system that performs
this selection is in Fig. 19. The user 1s next given a choice
of proceeding with the analysis. or viewing the signals and
analysis filter characteristics. In Flg. 20 is a diagram of
the portion of the system that displays fillter characteristics.
The user next is given a choice of initializing the filters to
rest state, or leaving them 1n their present state. After the
initialization, the regression analysis is performed and a dis-
prlay is posted on the computer scope which contains a list of
the results available from the program, for example, the im-
pulse response and Bode plots of the system measured, and the
power spectra of the input, output, and residual signals. In
Fig. 21 is a block diagram of the portion. of the system that
computes and displays the desired results.

23
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IV. CONCLUSIONS

We have used Signal Analyzer I for the past few months in our
studies of human controller characteristics. 1In some of these
experiments the system was connected on-line to the experiment
and was used to record the signals from the tracking experiment
and to determine the characteristics of the controller and of
the signals immediately after each experimental run. In other
experiments the system was used to process data in semi-pro-
duction runs. The on-line use of the system, 1n particular,
proved to be very valuable. The immediate availability of ex-
perimental results led to considerable saving of experimental
time largely because 1t permitted us to focus the experiment on
the interesting conditions.

The dlsplay and control features of the system, which make man-
computer communication easy and pleasant, have proven to be very
worthwhile. Considerable effort went into the design of these
features. The fact that the system is flexible and that its
logical organization allows the user to take short cuts at
every Ilmportant decision node leads fo reasonable efficlency 1n
bulk processing of data.

Of course, as with any system of this kind, one sees a need for
a number of improvements. These fall into two main categories:
addition of more analysis features and provision for more flex-
ible data storage and retrieval. Hopefully, these will gradu-

ally be added to the system in the future.

28
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